Abstract: This paper has presented the details of an investigation into the flexural and flexural-torsional buckling behaviour of cold-formed structural steel columns with pinned and fixed ends. Current design rules for the member capacities of cold-formed steel columns are based on the same non-dimensional strength curve for both fixed and pinned-ended columns.
Introduction
Cold-formed steel members are becoming increasingly popular within the construction industry due to their superior strength to weight ratio and ease of fabrication as opposed to hot-rolled steel members. They are often subject to axial compression loads in a range of applications (see Figure 1 ). These thin-walled members can be subject to various types of buckling modes, namely local buckling, distortional buckling, flexural buckling and flexuraltorsional buckling. Hence extensive research efforts have gone into the many investigations addressing the buckling behaviour of cold-formed steel columns.
Popovic et al. [1] performed tests on fixed and pinned ended angle columns. Their test specimens failed in flexural and flexural-torsional modes. They showed that the design capacity curve proposed in AS/NZS 4600 [2] is conservative for shorter specimens. Popovic et al. [1] reported that the reason for this is most likely the post-buckling reserve of the section in the torsional mode. Young [3, 4] conducted experimental studies of angle columns and concluded that AS/NZS 4600 [2] design rule is conservative. Hence he proposed a new design rule for concentrically loaded compression members of fixed ended cold-formed steel plain angle sections. This was adopted in Silvestre et al. [5] to estimate the global column strength, which gave more accurate ultimate strengths for fixed-ended and pin-ended columns.
Shifferaw and Schafer [6] found that plain and lipped angles with fixed end conditions exhibited post-buckling strength with respect to global torsional or flexural-torsional buckling modes due to the presence of warping fixity, which is ignored in all the current design rules.
Rasmussen and Hancock's [7] research into the flexural of cold-formed steel channels showed that AS/NZS 4600 [2] conservatively predicted the member strengths of fixed ended columns at intermediate and long lengths. Recently, Bandula Heva and Mahendran [8] carried out a series of compression tests of cold-formed steel channel members subjected to flexuraltorsional buckling, and showed that AS/NZS 4600 [2] design rules conservatively predicted the strength of tested specimens. These findings therefore warrant further investigations into the behaviour of fixed ended lipped channel steel columns subject to flexural and flexuraltorsional buckling.
The overall aim of this research is to investigate the accuracy of current design rules in determining the strengths of concentrically loaded cold-formed steel columns with fixed ends subject to flexural and flexural-torsional buckling. Experimental results for this study were obtained from Bandula Heva and Mahendran [8] . In their study suitable test specimens were selected based on the standard sections, thicknesses and grades that are commonly used in structural and architectural applications and available literature. The dimensions and lengths of lipped channel section columns were selected based on a number of preliminary analyses using a finite strip analysis program CUFSM [9] so that flexural-torsional buckling governed the member behaviour. In this study, finite element models were developed using a finite element analysis program ABAQUS [10] to simulate the behaviour of long lipped channel section columns using suitable loading and boundary conditions. The developed finite element models were validated by comparing their results with Bandula Heva and Mahendran's [8] test results. The validated model was then used in a detailed numerical study into the axial compression strengths of lipped channel columns. Five different steel grades and thicknesses were considered in this numerical study to investigate the effect of using low and high grade steels. Three different section dimensions were also considered in this study with varying column lengths. The results obtained from this study were compared with the predicted ultimate loads from the current cold-formed Australian and American steel standards, based on which the accuracy of current design rules for pinned and fixed ended cold-formed steel compression members undergoing flexural and flexural-torsional buckling was investigated. This paper presents the details of this research study and the results.
Experimental Study
Bandula Heva and Mahendran [8] investigated the behaviour and strength of cold-formed steel lipped channel columns at both ambient and elevated temperatures. As part of their experimental study, they conducted six tests at ambient temperature to investigate the flexural-torsional buckling behaviour of fixed ended columns.
Test Specimens
The most common cold-formed steel column section of lipped channel was chosen for their tests. Test section dimensions and specimen lengths were selected based on preliminary numerical analyses and AS/NZS 4600 design rules so that flexural-torsional buckling governed the member behaviour. These analyses showed that the member lengths of 1600 mm or higher gave flexural-torsional buckling for the two selected lipped channel sections (55x35x9 and 75x50x15) with fixed ends. Therefore two specimen lengths of about 1800 mm and 2800 mm were selected in their tests. Three grades and thicknesses, G550-0.95, G450-1.90 and G250-1.95, were selected to represent the cold-formed steel domain, each with nominal lengths of 1800 and 2800 mm. Table 1 gives the measured cross-sectional   dimensions and lengths of six ambient temperature test specimens and the mechanical properties of steels.
Imperfections of all the specimens were measured along the specimens on all the surfaces except lips in the study of Bandula Heva and Mahendran [8] . Since the expected buckling mode was global buckling, only the global imperfection was measured. In most cases, the maximum imperfections were observed to be on the web. Table 1 shows the measured imperfections. The measured imperfections were significantly less than the tolerance value of L/1000 recommended by AS 4100 [11] .
Test Setup and Procedure
A special test set-up was designed and built to test long columns of different heights inside a furnace, so that both ambient and elevated temperature tests can be done as required [8] .
Hence the ambient temperature tests reported here were conducted inside the furnace while keeping the doors open as shown in Figure 2 . The loading arrangement consists of two loading shafts at the top and bottom and a hydraulic loading system as shown in Figures 2 and   3 . By using the nuts on each of the leveling bars in the special loading arrangement at the bottom, the base plate was leveled so that the guidance tube was vertical to allow the required application of load. The hydraulic jack was connected to a hydraulic pump through a pressure transducer. The pressure transducer was used to determine the applied axial load.
All the tests were carried out using fixed-end conditions. To achieve a fixed-end support, special end plates were made to fit the specimen ends (see Figure 3) . A groove of 12 mm deep and 10 mm width in the shape of specimen cross-section was made on a 15 mm thick circular steel plate. A Rectangular Hollow Section (RHS) of 2 mm thick and 15 mm height was then welded to the plate. Geometric centre of the cross-section of the specimen was made to coincide with the centre of the plate. The specimen was placed within the grove, and 165 procreate coil grout mixed with water was then used to fill the grove and the end space up to the top of RHS. The specimen with these end plates was then placed between the two loading shafts and bolted to form fixed ends. Out of plane deflections of the specimens were measured at mid-height in both directions using stainless steel cables and LVDTs. Axial shortening was also measured using a LVDT attached to the bottom loading shaft. Using the data from the pressure transducer and LVDTs the load-deflection curves were obtained.
Results and Discussions
As expected, all the specimens failed in flexural-torsional buckling as shown in Figure 4 . The ultimate loads obtained for the tests are given in Table 2 . Comparing the results obtained from tests to code predictions, Bandula Heva and Mahendran [8] found that for concentrically loaded columns with fixed ends subject to flexural-torsional buckling, AS/NZS 4600 [2] design rules considerably underestimated the column capacities, ie. very conservative. Their test data showed that columns made of higher grade steels had greater inaccurate predictions from the design codes than those made of lower grade steels. In one case their experimental study found that a test specimen to have 77% higher member strength than what was predicted by the design code. Test results from [8] will be used in this study to validate the finite element models developed in this research and to compare with the column capacities predicted by the current design rules.
Finite Element Modelling
In this research ABAQUS [10] was used in the finite element analyses (FEA) of cold-formed steel columns subject to axial compressive loads. Finite element models were developed first to simulate the tested cold-formed steel lipped channel column specimens. The measured dimensions of lipped channel specimens including their base metal thicknesses (Table 1) were used in these analyses. Thereafter the developed finite element model was used with nominal dimensions to investigate the axial compression capacities of cold-formed steel columns with different section sizes, steel grades, thicknesses and lengths.
Element Type and Size
S4R shell element type with a 4 mm x 4 mm mesh size was selected based on detailed convergence studies considering accuracy, processing time and memory. The doubly curved general-purpose shell element S4R gives robust and accurate solutions in most applications and allows transverse shear deformations. It provided closer results as S4 elements but with less memory space and time.
Mechanical Properties
The measured mechanical properties were used to enable the comparison of FEA and test results of cold-formed steel columns. The measured yield strength and elastic modulus of cold-formed steels used in this study are given in Table 1 . Poisson's ratio of steel was assumed as 0.3. The elastic-perfect-plastic material model was used to simulate the behaviour of cold-formed steel columns since the use of this simplified model did not affect the behaviour and ultimate load of cold-formed steel columns at ambient temperature.
Loading and Boundary Conditions
Both ends of the test columns were fixed against rotations and translations except that the bottom end was allowed to move axially. Hence in the numerical study also fixed support conditions were simulated and only axial translation at the bottom end was allowed as shown in Figure 5 . These end boundary conditions allowed the specimens to fail symmetrically about the plane perpendicular to the axis of the column at mid-height. Due to the symmetry conditions of test specimen and loading, it is economical to simulate one half of the test columns in the analyses. Therefore a half-length model was used with appropriate boundary conditions as shown Figure 5 . Rigid plate made of R3D4 elements was attached to the bottom end of the column, and all three rotations were restrained. This end of the column was restrained in the two major directions (UX and UY) while the axial compressive load was applied at the section centroid. At the other end of the model (ie. column mid-height), out of plane displacements were allowed but the axial displacement was restrained. In addition, twist rotation was allowed but other two rotations about X and Y axes were restrained.
Initial Geometric Imperfections and Residual Stresses
Cold-formed steel sections are likely to have initial geometric imperfections. Therefore a suitable initial geometric imperfection was included in the nonlinear analyses by introducing it to the appropriate buckling mode obtained from the bifurcation buckling analyses of coldformed steel columns. Flexural-torsional buckling was observed as the first eigen mode in the elastic buckling analysis. Therefore this eigen mode was used to introduce the initial geometric imperfection with an appropriate amplitude. Since the expected buckling mode was flexural-torsional buckling, only global imperfections were measured in Bandula Heva and Mahendran [8] . These values are reported in Table 1 . They were used in the validation of finite element models developed here. The effect of initial geometric imperfection amplitude on the ultimate capacity of cold-formed steel columns was further investigated using FEA. Table 3 shows the ultimate compression capacities obtained using different amplitudes of initial geometric imperfection. The use of L/2000 gave the best agreement with test results (mean of 0.99). However, L/1000 will be used as the initial global imperfection in the parametric study FEA as it will provide conservative results.
The residual stress is an important parameter influencing the axial compressive strength of cold-formed steel columns as this can cause premature yielding. A new set of residual stresses for lipped channel sections without the rounded corners was proposed in Ranawaka and Mahendran [12] . These residual stress values expressed as a percentage of the material yield stress (f y ) were used in the finite element models (see Figure 6 ).
Analyses
Two types of analyses, namely, bifurcation buckling and nonlinear analyses, were conducted using ABAQUS. The bifurcation buckling analyses were used to determine the elastic buckling loads and modes. The relevant buckling modes were then used to include the initial geometric imperfections in the nonlinear analyses. Finally the nonlinear analyses using the Riks On method were used to determine the ultimate loads of cold-formed steel columns.
Validation
It is important to validate the developed finite element model to determine whether it can simulate the desired buckling and ultimate behaviour and strength of cold-formed steel columns. In this research, the ultimate compression load, load-deflection curves and deflected shape from finite element analyses were compared with corresponding test results reported in [8] .
Three deflection measurements were recorded in the tests. They were the out-of-plane deflections of web and flange elements and the axial shortening of test specimens. These deflections could also be obtained from finite element simulations. Figure 7 compares the load-shortening curves from finite element analyses and tests for some selected cases. Axial shortening in the tests was measured at the bottom end of the bottom loading shaft (Figure 2 ). Therefore the measured axial shortening in test curves included the shortening of loading shafts. Therefore the axial shortening in test curves is slightly higher than that in finite element analysis results. Having considered these facts, it can be concluded that the loaddeflection curves from FEA and tests showed a reasonably good agreement. The developed finite element model was finally validated by comparing the ultimate loads obtained from tests and analyses. It was validated for different steel grades, thicknesses and lengths ( Table 3 ). The mean value of Test/FEA ultimate load ratios is close to one while the associated coefficients of variation are also small as shown in Table 3 . These comparisons show that the developed finite element model accurately predicts the ultimate capacities, loaddeflection curves and failure modes of cold-formed steel long columns subjected to axial compression.
The validated finite element models were used thereafter in a parametric study to investigate the current design rules to predict the axial compressive strengths of cold-formed steel columns. This study included the effects of various parameters such as steel grade, steel thickness, section size, column lengths and end boundary conditions.
Current Design Rules
The unified approach developed by Pekoz [13] is used in the American Iron and Steel Institute Specification [14] and Australian/New Zealand Standard [2] for the design of coldformed steel structural members.
Fixed-end supports provide restraints against major and minor axis rotations as well as twist rotations and warping. Hence fixed-ended columns failing by overall buckling were designed as concentrically loaded compression members using their effective length as equal to half the column length. In this case, the effective lengths for major and minor axis flexural buckling as well as torsional buckling are assumed to be equal to one half of the column length.
AISI [14] and AS/NZS 4600 [2] Design Rules
In this study, the design rules proposed by AISI [14] and AS/NZS 4600 [2] were considered in the design of concentrically loaded compression members. However, the design rules for compression members in AS/NZS 4600 [2] are identical to those in AISI [14] , and hence only AS/NZS 4600 [2] design rules are mentioned in this paper.
According to AISI [14] and AS/NZS 4600 [2] , the nominal axial strengths N s (section capacity) and N c (member capacity) of concentrically loaded compression members are calculated using Equations 1 (a) and (b), respectively.
where A e1 and A e2 are the effective areas calculated at the yield and critical stresses, respectively; f y is the yield stress which is taken as the 0.2% proof stress; f n is the critical stress, which accounts for overall instability, and is determined as,
where λ c is the non-dimensional slenderness, given by,
where f cre is the minimum of elastic buckling stresses f ox , f oy , f oz and f oxz ; f ox and f oy are the elastic flexural buckling stresses about major and minor axes, respectively; f oz and f oxz are the elastic torsional and flexural-torsional buckling stresses, respectively. Further details about the current design rules can be found in AS/NZS 4600 [2] and Yu [15] .
Popovic et al. [1] showed that the above procedure led to overly conservative P n values due to the fact that the effect of torsional buckling stress comes into play twice (through f n and A e ).
In order to achieve more accurate ultimate strength predictions, they proposed to find f n based on the flexural (minor-axis) buckling stress alone, and to find A e based on the local (torsional) buckling stress. Popovic et al. [1] stated that ignoring the flexural-torsional buckling stress in computing the column strength does not imply that torsion is ignored in the design procedure. This is due to the fact that local buckling is used in determining the effective area and that the local mode is identical to the torsional mode at reducing lengths.
Young's [3] Design Rules
Young [3] tested fixed-ended angle columns and showed that the design method proposed by Popovic et al. [1] was conservative for short column lengths, but not conservative for intermediate and long column lengths. According to Young [3] , the design method considering only the flexural buckling mode is reliable for non-slender sections, but not for slender sections. In order to obtain more accurate estimates, he proposed the use of a modified global strength curve, given by Equations 4(a) and 4(b). The design equations proposed by Young [3] require only small modifications to the current critical inelastic and elastic stress equations. In Equations (2a) and (2b), the values of 0.658 and 0.877 have been replaced with 0.5, and the non-dimensional slenderness λ c has been adjusted to 1.4 for a smooth transition of elastic and inelastic buckling stresses.
where the non-dimensional slenderness λ c is identical to that in Equation (3), except that the elastic buckling stress f cre is calculated for minor-axis flexural buckling only.
In this study the existing design rules given in AS/NZS 4600 [2] and the equations proposed by Young [3] were checked for their accuracy in determining the member compression capacities of cold-formed steel columns. It should be noted that the plots obtained using Young's [3] design rules considers only the flexural buckling mode as suggested by Popovic et al. [1] . Table 4 presents the elastic buckling loads obtained from finite strip analyses (CUFSM) and finite element analyses (ABAQUS) and compares them with theoretical predictions. These buckling loads were obtained for 2800 mm long 55x35x9 lipped channel columns made of 0.95 mm thick steel. Pinned and fixed end boundary conditions with warping free and fixed cases were considered. Nodal compression loads were applied at one end of the column to simulate warping free, pinned and fixed end boundary conditions as shown in Figure 10 . On the other hand, an axial compression load was applied to the reference node of the rigid body (attached to one end) to simulate warping fixed, pinned and fixed end boundary conditions as shown in Figure 5 .
Effect of Warping Restraint on Elastic Buckling Loads
Elastic buckling loads obtained from CUFSM, ABAQUS and theoretical formulae agreed well (4.08 and 4.06 kN) for pin-pin warping free boundary conditions when effective length factors were taken as 1.0 about all three axes in the theoretical formula, ie. kL 1 =kL 2 = kL 3 = L.
However, pin-pin warping fixed boundary condition had a significant impact on the effective length in torsion (kL 3 ). Elastic buckling load obtained from the theoretical formula (6.52 kN) assuming kL 3 = 0.5L (fixed-fixed effective length in torsion) is very close to the elastic buckling load obtained from ABAQUS (6.48 kN) assuming pin-pin warping fixed boundary conditions. The results are slightly unconservative compared to FEA. These effective length observations are possibly due to the fact that the effective length for St. Venant torsion is not 0.5L while for warping torsion it is 0.5L. The theoretical buckling load assuming kL 3 =0.654L matched well with ABAQUS prediction (6.48 kN) for this particular column.
Elastic buckling loads obtained from the selected methods (CUFSM, ABAQUS and theoretical formula) agreed well (11.68 and 11.81 kN) for fixed-fixed warping fixed boundary conditions when effective length factors were taken as 0.5 about all three axes in the theoretical formula, ie. kL 1 =kL 2 = kL 3 =0.5L (Table 4) For the flat-ended wall studs used in unlined cold-formed steel wall frame systems shown in Figure 1 , their effective length factors about all three axes are recommended as 0.65 by Miller and Pekoz [16] . Telue and Mahendran [17, 18] investigated this further using both tests and numerical analyses, and recommended that the effective length factor is a function of track to stud flexural rigidity ratio for unlined studs that are screw fastened to the top and bottom tracks. They showed that it varied from 0.62 to 1.0 with increasing track to stud flexural rigidity ratio. However, if the studs are welded to the top and bottom tracks instead of screw fastening, the effective length will reduce and approach the case of a fully fixed boundary condition (effective length of 0.5L about all three axes). When the effects of plasterboard lining were included in their tests and numerical analyses, Telue and Mahendran [19] found that the effective length factor about the major axis can still be taken as that of unlined studs, but recommended that the factors for the other two axes to be equal to the ratio of screw spacing to stud length. These findings by other researchers for columns with realistic end conditions agree reasonably well with those recommended in this paper.
Investigation of Pinned and Fixed Ended Columns
In order to investigate the behaviour of cold-formed steel columns, the developed finite element model described in Section 3 was used in a detailed parametric study. The rigid end plate (hence warping fixed) shown in Figure 5 was used to simulate the fixed end support conditions while nodal loads (hence warping free) were used in pinned ended columns to apply the axial compressive load as shown in Figure 10 .
Instead of the measured thicknesses and initial imperfections, nominal thicknesses and standard imperfection values (b/150 for local buckling and L/1000 for global buckling) were used here. The mechanical properties used in this investigation are given in Table 5 Table 6 shows the parameters considered in the parametric study of pinned ended (warping free) columns. Pinned end boundary condition was investigated with five different steel grades and thicknesses for the lipped channel section 55x35x9. The specimen lengths were based on the preliminary analyses carried out using finite strip analyses (see Figure 11) .
Pinned Ended Columns (Warping Free)
Multiples of half wave lengths for local buckling were considered for shorter columns (138, 276, 552 and 1104 mm) while three additional lengths (1800, 2400 and 2800 mm) were considered for longer columns. Table 7 shows the calculated elastic buckling stresses and effective areas of pinned ended columns based on AS/NZS 4600 [2] design rules. Effective length l e was taken as equal to the column length about all three axes in these calculations.
According to AS/NZS 4600 [2] , the effective areas at the yield and critical stresses were used to find the section and member capacities of a column, respectively. Hence the effective area at the critical stress (A e @ f n ) increases with member length and is equal to the gross area (A g ) at longer lengths indicating pure global buckling, ie. no local and global buckling interactions. Table 8 compares the predicted elastic buckling (P cr ) and ultimate loads (N c and P ult ) from AS/NZS 4600 [2] and FEA. Elastic buckling loads from AS/NZS 4600 [2] as given in Table 8 were calculated by considering both flexural and flexural torsional buckling modes. However, the buckling load obtained from FEA considered both local and global buckling modes. In FEA, the local buckling load was predicted as 38 kN (compared to the squash load P sq of 84 kN) and remained the same for up to a length of 552 mm for G550 0.95x55x35x9 steel column (see Figure 12 (a) ). It should be noted that the calculated effective area at the critical stress was also not equal to the gross area as shown in Table 7 . Hence a local buckling mode was observed in FEA as shown in Table 8 . In this case, an amplitude of b/150 was used as the initial geometric imperfection with local buckling mode to obtain the ultimate load. The ultimate loads were higher than the elastic buckling loads indicating the presence of postbuckling strength for shorter columns. The flexural torsional buckling mode was observed in FEA for longer columns (1104 mm or more) as shown in Figure 12 (b) and the elastic buckling loads obtained from FEA and AS/NZS 4600 formulae agreed well (see Table 8 ). In this case, an amplitude of L/1000 was used as the initial geometric imperfection with the critical global buckling mode to obtain the ultimate load. The ultimate loads were either less or equal to the elastic buckling load for longer columns. Similar behaviour was observed for G250 0.95x55x35x9 and G500 1.15x55x35x9 steel columns. Table 8 Elastic buckling loads obtained from FEA for short (up to 276 mm) G250 1.95 mm and G450
1.90 mm steel columns were much higher than the squash load, which indicates that these short columns will fail by yielding. Hence the ultimate loads obtained for these short columns from FEA were close to the squash load. The flexural torsional and flexural buckling modes as shown in Figures 12 (b) and (c) were observed for longer columns as expected (see Table   8 ). As seen in Table 8 , none of the columns selected in this research failed by distortional buckling or local and global buckling interactions.
The ultimate load results obtained from finite element analyses for 55x35x9 lipped channel columns with pinned ends and warping free boundary conditions were compared with the predicted column curve based on Equations 2 and 3 of AS/NZS 4600 [2] in Figure 13 using the format of non-dimensionalised ultimate stress (f n /f y ) versus slenderness (λ c ). The results for shorter lipped channel columns subjected to elastic local buckling failures are not plotted in this figure. Figure 13 shows that FEA results closely agreed with AS/NZS 4600 predictions for slender (λ c >1.5) columns subject to flexural and flexural torsional buckling modes.
Fixed Ended Columns (Warping Fixed)
Effects of fixed end (warping fixed) boundary conditions were investigated initially with the same lipped channel section (55x35x9) used for pinned ended case (see Table 6 ). The maximum column length of 6000 mm was considered to obtain slenderness ratios up to 5. Tables 9 and 10 show the calculated parameters including effective areas, elastic buckling stresses and section and member capacities based on AS/NZS 4600 design rules, and comparison with FEA results for fixed ended columns with a section size of 55x35x9. Elastic local buckling mode was observed up to 1000 mm lengths for thinner (G500 0.95, G250 0.95 and G500 1.15) steel columns and thereafter flexural torsional buckling mode was observed up to a length of 6000 mm. However, elastic buckling mode changed from flexural-torsional to flexural at 5000 mm for thicker steel (G250 1.95 and G450 1.90) columns. As seen in Tables 9 and 10 , none of the columns selected in this research failed by distortional buckling or local and global buckling interactions. Tables 7 to 10 are presented in the same format as   Tables 7 and 8, and hence the explanations provided for Tables 7 and 8 Experimental results from Bandula Heva and Mahendran [8] are also plotted in this figure.
However, the results for shorter lipped channel columns subjected to elastic local buckling failures are not plotted in this figure. Figure 14 shows that the curve given in AS/NZS 4600 [2] is very conservative for fixed ended columns compared to pinned ended columns (see Figure 13 ). This is due to the fact that the column curve given in AS/NZS 4600 [2] does not take into account the warping fixity of fixed ended columns.
The design rules proposed by Popovic et al. [1] and Young [3] were also used to predict the ultimate loads of these fixed ended cold-formed steel columns. Based on their research, Popovic et al. [1] recommended that flexural-torsional buckling mode should be excluded from the design procedure and to consider only the minor axis flexural buckling. Young [3] used Popovic et al.'s [1] recommendation and proposed new column curves as defined by Equations 4(a) and (b). This design procedure was used to plot the ultimate load results from our research in Figure 15 for comparison with Young's column curve. Figure 15 shows that the design rules proposed by Popovic et al. [1] and Young [3] do not accurately predict the axial compression capacities of cold-formed steel lipped channel section columns. Young's [3] design rules are still conservative for long columns. Hence there is a need to develop a new set of equations for fixed ended columns with warping fixity.
Pinned and Fixed Ended Columns with Varying Warping Restraint
Effects of warping fixity were further investigated for columns with pinned and fixed end conditions. Figure 16 compares the ultimate loads of pinned and fixed ended columns with warping free and fixed cases (total of four cases) with the column curve in AS/NZS 4600 in the non-dimensionalised ultimate stress (f n /f y ) versus slenderness (λ c ) format. This comparison shows that the ultimate loads of pinned end columns follow the AS/NZS 4600 curve irrespective of their warping boundary conditions. The ultimate loads of fixed ended columns with warping free boundary conditions also follow the AS/NZS 4600 curve quite well.
However, fixed ended columns with warping fixed boundary conditions showed the presence of post buckling strength due to warping fixity and hence their ultimate load results do not agree with the AS/NZS 4600 column curve.
Proposed Design Rules
There are mainly two regions in the column curve of AS/NZS 4600. The first region is for shorter and intermediate columns (where λ c is less than or equal to 1.5) which is defined by Equation 2 (a) in AS/NZS 4600 [2] . Last section has shown that the current AS/NZS 4600 column curve is too conservative for slender columns with fixed ends and warping fixity.
Therefore this paper investigates the second region for slender columns (where λ c is greater than 1.5) defined by Equation 2 (b), and proposes a new set of equations. Figure 17 shows the ultimate loads of fixed ended (warping fixed) long columns in the form of non-dimensionalised ultimate stress versus slenderness curves. The ultimate loads of these columns plotted higher compared to the curve given in AS/NZS 4600 [2] . A closer look at the results indicated that the ultimate loads of columns subjected to flexural buckling agreed well with the column curve given in AS/NZS 4600 [2] as shown in Figure 17 . On the other hand the ultimate capacities of fixed ended columns subjected to flexural-torsional buckling were much higher (up to 88% more) compared to the predictions of AS/NZS 4600 [2] . The reason for this is that the warping rigidity of fixed ended columns will be useful only when the columns are subjected to flexural-torsional buckling and not when they are subjected to flexural buckling. Hence a new set of equations was proposed (Equations 5 (a) and (b)) for fixed ended columns with warping fixity when they are subjected to flexural-torsional buckling. It should be noted that the aim of this paper is to modify the curve for longer columns (λ c >1.5). However the equation for shorter columns (λ c ≤1.5) is also modified in The behaviour and strength of fixed ended (warping fixed) columns subjected to flexural and flexural-torsional buckling was further investigated using two other lipped channel section sizes, 75x50x15 and 90x40x15, to confirm the findings obtained for Section 55x35x9. In order to avoid any local and global buckling interactions, only the thicker steel sections and longer lengths were considered for Sections 75x50x15 and 90x40x15. Tables 11 and 12 show the calculated parameters and comparisons with FEA results for the fixed ended columns with these section sizes. Figure 18 uses the ultimate load results in Tables 11 and 12 for these two lipped channel sections and compares them with the predictions based on AS/NZS 4600 and the proposed design rules. As expected, the ultimate loads of columns with fixed ends and warping fixity agreed well with AS/NZS 4600 [2] column curve if the columns were subject to flexural buckling. On the other hand, if they were subjected to flexural torsional buckling they achieved higher ultimate capacities, which agreed well with the proposed equations (Eq. 5(b)) in this paper. In the case of lipped channel studs used in cold-formed steel wall frame systems (Figure 1 ), their compression strengths in the case of flexural torsional buckling should be calculated using Equations 5a and 5b if the studs are rigidly connected to the top and bottom tracks.
Capacity Reduction Factor
The American cold-formed steel structures code [14] recommends a statistical model to determine the capacity reduction factors. This model accounts for the variations in material, fabrication and the loading effects. The capacity reduction factor Φ is given by Equation 6 (a). 1.39 and 1.10 , respectively, which emphasize the need for improved design rules. The mean value and the capacity reduction factor according to the proposed equations (5a and 5b) are 0.99 and 0.89, respectively. In order to achieve a capacity reduction factor of 0.85, a second set of equations is also proposed in this paper (Equations 7(a) and 7(b)). However, it should be noted that the mean values in this case are considerably low for very slender columns as seen in Table 13 
Conclusions
This research has presented the details of an investigation on the behaviour and design of cold-formed steel columns subject to flexural and flexural-torsional buckling. Elastic buckling and ultimate capacities of pinned and fixed ended columns subject to flexural and flexuraltorsional buckling were evaluated in detail based on experimental and numerical studies and by comparison with the current design rules given in Australian and American design standards for cold-formed steel structures. Current design rules in AS/NZS 4600 and North American Specification were able to predict the member capacities of pinned and fixed ended columns subjected to flexural or flexural torsional buckling, but not in the case of columns with fixed ends and warping fixity subjected to flexural-torsional buckling. Hence improved design rules were proposed for this case. The accuracy of the proposed design rules was verified using the available test and FEA results of cold-formed lipped channel columns made of five different steel grades and thicknesses. Three different cross-sections were also considered in this study with varying column lengths. The agreement between the ultimate loads from tests, FEA and proposed design rules was very good. This paper has provided good improvements to the current member capacity design rules for cold-formed steel columns with fixed ends. G550x0.95 300, 1000, 1800, 2400, 2800, 4000, 5000, 6000 G250x0.95 300, 1000, 1800, 2400, 2800, 4000, 5000, 6000 G500x1. 15 300, 1000, 1800, 2400, 2800, 4000, 5000, 6000 G250x1.95 300, 1000, 1800, 2400, 2800, 4000, 5000, 6000 G450x1.90 300, 1000, 1800, 2400, 2800, 4000, 5000, 6000 75x50x15 G250x1.95 1800, 2400, 2800, 4000, 5000, 6000 G450x1.90 1800, 2400, 2800, 4000, 5000, 6000 90x40x15 G250x1.95 2800, 4000, 5000, 6000 G450x1.90 2800, 4000, 5000, 6000 Note : FT -Flexural-torsional buckling; F -Flexural buckling; 
